Background: Circulating cytokines, chemokines, and soluble cytokine receptors can serve as biomarkers of inflammation and immune dysregulation. Good reliability of multiplex platforms, which allow for simultaneous, comprehensive biomarker assessment, is critical for their utility in epidemiologic studies. We examined the reliability of the Meso-Scale Discovery (MSD) platform to simultaneously quantitate 15 cytokines and chemokines and the Luminex platform (R&D Systems) to quantitate 5 soluble receptors and 2 chemokines and cytokines and evaluated long-term within-person correlation of these biomarkers. Methods: The detectability and reliability of these assay systems were assessed using the same external controls across plates and archived sera from 250 HIV À men in the Multicenter AIDS Cohort Study. Using up to four visits per person from 1984 to 2009, age-adjusted intraclass correlation coefficients (ICC) of biomarkers with >80% detectability (CCL11, CXCL8, CXCL10, CCL2, CCL4, CCL13, CCL17, CXCL13, IL-10, IL-12p70, IL-6, TNF-a, BAFF, sCD14, sCD27, sgp130, sIL-2Ra, and sTNF-R2) were obtained using linear mixed models. Results: Most biomarkers were detectable in 80% of control samples; IFN-c, GM-CSF, and IL-2 were undetectable in >20% of samples. Among the HIV-uninfected men, most biomarkers showed fair to strong within-person correlation (ICC > 0.40) up to 15 years. The ICC for CXCL8 was good in the short term but decreased with increasing time between visits, becoming lower (ICC < 0.40) after 8 years.
Introduction
Inflammation and immune activation are associated with chronic health conditions, including malignancies [1, 2] , cardiovascular disease [3] , kidney and liver dysfunction [4, 5] , and AIDS [6] . Chronic inflammation is characterized by persistent activation of the innate and adaptive immune systems. Circulating serologic biomarkers, such as chemokines, cytokines, soluble cytokine receptors, and acute phase proteins are commonly used in epidemiologic studies to understand underlying inflammatory mechanisms associated with disease risk and progression. Most prior work has focused on single or small numbers of biomarkers, such as TNFa, IL-6, and C-reactive protein (CRP). While informative, this approach offers an incomplete picture of the complex inflammatory response comprised of multiple interacting circulating mediators. Multiplex technologies permit concurrent testing of large numbers of analytes using minimal sample volume, allowing for rapid, cost-effective quantitation of a more comprehensive panel of biomarkers. While it is important to capitalize on these emerging methods, formal assessment of assay reliability is warranted. Prior studies of multiplex reliability have been restricted by small sample sizes or a limited number of biomarkers [7, 8] .
Furthermore, studies often use a single blood sample to quantitate circulating concentrations of inflammatory biomarkers and characterize a participant's risk, assuming that a single measurement represents the individual's long-term state of inflammation. High within-person variability can result in measurement error, biasing risk estimates towards the null and attenuating the likelihood of identifying valid exposure-disease associations. The intraclass correlation coefficient (ICC) assesses inter-individual (between people) variability relative to total variability (between and within individuals) and provides a measure of the extent to which a biomarker tracks within a person over time. Low ICCs necessitate multiple measurements over time to more accurately capture the inflammatory state, while low variability within a person, or high tracking, improves the precision of estimates from longitudinal studies [9] . Biomarkers exhibiting constant within-person correlation over time may also suggest a lack of immunological response to transient or acute exposures, potentially offering an important insight into the relationship between biomarkers and disease [10] . Previous studies of within-person biomarker variability have been limited by small sample sizes, a narrow range of biomarkers, or relatively short periods of time between biomarker measurements (65 years) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
This study had two aims: (1) to determine the detectability and reliability of the Meso-Scale Discovery (MSD) and Luminex platforms; and (2) to evaluate the long-term within-person correlation of 22 biomarkers of inflammation in a well-characterized, longstanding prospective cohort study. Results from this study will aid in designing future epidemiologic studies on the role of inflammatory biomarkers in disease etiology.
Materials and methods

Study design and population
This analysis was conducted within the Multicenter AIDS Cohort Study (MACS), a prospective cohort study of men who sex with men (MSM) enrolled at four U.S. locations (Baltimore/Washington D.C., Chicago, Los Angeles, and Pittsburgh) to examine the natural and treated histories of HIV-1 infection. Since 1984, 6972 participants have been enrolled: 4954 in 1984-1985, 668 in 1987-1991, and 1350 in 2001-2003 . Institutional review boards at each center approved the MACS protocols and informed consent was obtained from all participants. Descriptions of the MACS protocol have been published previously [21, 22] . Study highlights, including data collection forms, may be found at https://statepi.jhsph.edu/macs/macs.html. Briefly, study participants are evaluated every six months with standardized interviews, physical examinations, and laboratory analysis of collected blood. Serum, plasma, and peripheral blood mononuclear cells are frozen and stored in local and national repositories. Serum samples used in this study were previously unthawed.
Control plasma samples isolated from an HIV-uninfected donor and a HIV-infected donor during a single blood draw were aliquoted and frozen. These external control plasma samples were obtained from Thomas N. Denny at Duke Human Vaccine Institute, Immunology and Virology Quality Assessment Center. Duke University IRB approvals were in place for these activities. To evaluate the reliability of the MSD platform, previously unthawed control plasma samples were run in duplicate on each plate over the course of the study.
To assess the ICCs, the concentrations of 22 inflammatory biomarkers were measured in serum samples from 250 HIVuninfected men. Four study visits per individual were selected to represent the age and race distributions of the underlying cohort population from 1984 to 2009. All HIV-uninfected MACS men who were hepatitis C (HCV)-infected were included, to provide sufficient numbers for comparative analyses. All longitudinal specimens per individual were run on the same plate.
Laboratory methods
MSD platform
Serum concentrations of 9 cytokines and 7 chemokines were determined using the Meso-Scale Discovery (MSD) platform (Meso-Scale Diagnostics, LLC, Rockville, MD). The MSD system is an electrochemiluminesence-based, 96-well format solid-phase multiplex assay. Two separate kits, the Human Proinflammatory 9-Plex Ultra-Sensitive kit and Human Chemokine 7-Plex Ultra-Sensitive kit, were used to determine concentrations of IL-1b, IL-2, IL-6, IL-10, IL-12p70, IFN-ɣ, GMCSF, TNF-a, and CCL11, CXCL10, CCL2, CCL13, CCL4, and CCL17, respectively. CXCL8 was included in both kits. MSD assays were performed according to the manufacturer's instructions. All MSD testing was conducted in a single laboratory by a single technician at the Johns Hopkins Bloomberg School of Public Health.
Cytokine limits of detection ranged from 0.8 to 1.2 pg/ml, while those for chemokines ranged from 39 to 158 pg/ml. Standard curves were done on each plate in duplicate. The lower limit of detection (LLOD) for each plate-specific analyte was the concentration 2.5 standard deviations above the background.
Luminex platform
Serum concentrations of the soluble receptors were determined using the multiplexed Luminex xMAP system (Fluorokine Ò MAP) using assays produced by R & D systems (Minneapolis, MN) following the manufacturer's instructions, and a Bio-Plex 200 Luminex instrument and Bio-Plex software (Bio-Rad, Hercules, CA). Concentrations of four soluble receptors (sCD14, sgp130, sIL-2Ra, sTNF-R2), plus a cytokine (BAFF) and the chemokine CXCL13, were measured in a single panel (Human Biomarker Custom Premix Kit A). All testing for these markers was conducted in a single laboratory at the University of California, Los Angeles. One external serum control from a normal donor (no spiked values) was run in duplicate on each assay. This control sample was from a single blood draw that was aliquoted multiply and stored at À80°C. For each plate tested, a biomarker-and plate-specific LLOD was defined. All the samples tested in the multiplex Kit A had concentrations above the lowest standard of the standard curve; therefore, the LLOD was defined as the observed concentration of the lowest standard.
Statistical methods
The detectability and reliability of each platform were calculated using the external control samples. Detectability was defined as the proportion of samples above the assay's LLOD. The plate-specific intra-assay coefficient of variation (CV) for each marker was calculated as follows: (standard deviation (SD) of the duplicate values/mean of the duplicate values) Â 100. The median and IQR (25%, 75% percentiles) intra-assay CV were obtained using all the plate-specific intra-assay CVs from both controls. Each control's inter-assay CV (across plates) was obtained by calculating the SD of all the means across the plates and dividing it by the overall mean value for each analyte. An overall inter-assay CV for each marker was calculated by averaging inter-assay CVs for both controls. For markers with >20% of samples below the LLOD, Cohen's kappa was used to assess detectability agreement between the duplicate control concentrations per plate [23] .
Within-person temporal reliability
ICCs (the proportion of total variability due to between-person variability) were calculated for different intervals of time between visits. Biomarker concentrations were natural-logarithmtransformed prior to analysis to account for non-normally distributed residuals. Between-person and within-person variance components and 95% confidence intervals (CI) were determined using linear mixed models, adjusting for age at visit. Age was kept as a continuous variable and centered at the median age across all person-visits. Categories of time between visits were: 0-1.9 years, 2-3.9 years, 4-7.9 years, 8-1 1.9 years, 12-14.9 years, and P15 years. All combinations of visit pairings were used in the analysis, i.e., consecutive and non-consecutive pairs for the same individual. For example, if time between the first and second visits for ID X was 3.9 years, the time contributed by the visit-pair was allocated to the 2-3.9 year interval; if time between the first and third visits was 16.0 years, it was allocated to the P15 year interval, etc. Parameters were estimated using the maximum likelihood estimate (MLE) method in Stata 13. We established a priori that ICCs would be calculated only for cytokines that were detectable in >80% of samples from the 250 HIV-uninfected men. Rosner's interpretation of ICCs was utilized: ICCs between 0.40 and 0.75 reflect fair to good reliability and ICCs P 0.75 reflect strong reliability [24] .
All analyses were conducted using SAS statistical software, version 9.3 (SAS Institute, Inc., Cary, North Carolina) and Stata, version 13 (College Station, Texas).
Results
Multiplexed assay reliability -MSD platform
Proportion detectable in control samples
For the MSD platform, the 2 external control samples were tested in duplicate across 146 assay runs from September 2010-April 2012. Table 1 provides the proportion detectable, median (IQR) of the detectable concentrations, the proportion of plates with intra-assay CVs P 15%, control-specific inter-assay CVs, and the median intra-and overall inter-assay CVs across all 292 samples. On the chemokine plates, all analytes were 100% detectable, as were two analytes on the cytokine plates (TNF-a and CXCL8). IL-10, IL-12p70, IL-1b, and IL-6 were detectable in P 85% of the samples, with IL-10 and IL-6 detectable in nearly all samples.
The proinflammatory cytokines GM-CSF, IFN-c, and IL-2 were detectable in <80% of control samples ( Table 2 ).
Coefficients of variation
The estimated median intra-assay CVs for the 7 chemokines ranged from 3.3% (CCL17) to 7.6% (CCL11) and for the 5 cytokines from 5.0% (TNF-a) to 14.5% (IL-12p70) ( Table 1 ). The median intra-assay CVs for CXCL8, run on both the chemokine and cytokine kits, were 4.3% and 4.9%, respectively. The inter-assay CVs were higher for the cytokines compared to the chemokines.
There was poor agreement (kappas 6 0.4) between control duplicates for the 3 cytokines with <80% detectability (Table 2) . To account for the possibility this resulted from low values lying close to the LLOD, we created new cutoffs by adding 0.5 Â SD of the detectable samples to the LLOD, and assigning all values between the LLOD and the new cutoff as undetectable. This modification did not change the kappa statistics. NOTE: CXCL8-pro denotes CXCL8 tested on the MSD proinflammatory cytokine kit; CXCL8-chemo denotes CXCL8 tested on the MSD chemokine kit. a Percent of plates with intra-assay CVs P 15%. b Mean of Control 1 and Control 2 inter-assay CVs. c CXCL8 was included in both the chemokine and cytokine kits. d 14 of the samples were missing chemokine measurements (total number of measurements per control = 284). e 2 of the samples were missing cytokine measurements (total number of measurements per control = 290). Table 3 shows the median (IQR) concentrations and median intra-and inter-assay CVs for the 7 biomarkers run on the Luminex platform. For this analysis, one external control was run in duplicate on 153 plates, resulting in 306 biomarker measurements. All 7 biomarkers showed acceptable intra-assay reliability (median CVs < 10%). With the exception of CXCL13 and sIL-2Ra, all interassay CVs were less than 15%.
Multiplexed assay reliability -Luminex platform
Within-person temporal reliability
For this analysis, we used 971 samples contributed by 250 HIVuninfected MACS participants from June 1984 to September 2009; 89.6% of the participants (n = 224) had 4 samples, 9.2% (n = 23) had 3 samples, and 3 had 2 samples. The median (IQR) age across all person-visits was 45.6 years (39.7, 52.5), ranging from 18.7 to 74.5 years. Black men comprised 38.7% of the sample, and approximately 24% of the men had chronic HCV (RNA positive) at the first available measurement. Across all person-visits, nearly 55.0% had a BMI classified as either overweight (25- Table 4 shows the proportion of detectable samples and the median (IQR) concentrations for the 250 participants. Over 25% of the samples had undetectable GM-CSF, IFN-c, IL-2, and IL-1b concentrations. The remaining analytes were detectable in >98% of the samples, except for IL-12p70 (93.5%). Initially, we anticipated calculating ICCs for 6 separate time intervals between blood draws: 0-1.9, 2-3.9, 4-7.9, 8-11.9, 12-14.9, and P15 years. Due to sparse numbers of visit-pairs in 8-11.9 and 12-14.9 years, we combined these into one interval, 8-14.9 years. The numbers of visit-pairs contributing to the intervals were 223, 355, 358, 183, and 297, respectively. Fig. 1 illustrates the ICCs for each analyte by time between measurements, with estimates plotted at the median of each visit-pair interval. All ICCs were significantly (p < 0.05) >0. (See Table 5 for ICC estimates with 95% confidence intervals.) Tracking was strong (ICC P 0.75) for the majority of chemokines measured in samples spanning 1.9 years or less; only CXCL8 exhibited good tracking (>0.55), with statistically equivalent ICCs on both the chemokine and cytokine kits (0.57 and 0.59, respectively). Among the cytokines, IL-10 and IL-12p70 had strong tracking (ICC = 0.85 and 0.84, respectively), with IL-6, TNF-a, and BAFF exhibiting good ICCs (0.60, 0.54, and 0.66, respectively) during this shortest interval. The tracking of the soluble receptors was also good to strong, with the exception of sCD14, which exhibited moderate within-person correlation (ICC = 0.52). Although there was some degradation in the ICCs as time between measurements increased, most remained moderate to high, with the exception of CXCL8 and CXCL13. For example, with measurements 8-14.9 years apart, the ICCs for all the soluble receptors decreased to 0.50-0.74. Similarly, the ICCs for the cytokines decreased to <0.75; only those for IL-10, IL-12p70, and IL-6 remained above 0.60. Even when the time between sample measurements was P15 years, several markers remained highly correlated within a person, including CCL11, CCL2, and CCL13 (ICCs > 0.75), and CXCL10, CCL4, CCL17, IL-10, IL-12p70, BAFF, sCD14, sCD27, sgp130, sIL-2Ra, and sTNF-R2 (ICCs > 0.50). In contrast, CXCL8 exhibited good tracking for measurements taken within 4 years but was poorly correlated within a person for longer intervals between measurements. The ICC for CXCL13 was strong (P0.78) up to 8 years between visits but was fair to good after 8 years, with ICCs of 0.52 (8-14.9 years) and 0.48 (P15 years).
Discussion
Recent advances in multiplexing technologies have led to a wide array of commercially available platforms capable of quantifying an increasing number of soluble proteins in smaller sample volumes with greater sensitivity. These advancements are transforming biomarker discovery research, allowing for the exploration of the biologic underpinnings of disease pathogenesis in large population-based cohort studies. Along with unique analytic issues inherent to large-scale biomarker studies are questions of assay reliability over time. Here, we assessed several important methodological aspects of biomarker measurement including detectability, assay reliability, and within-person variability. Methodological concerns (e.g., inter-and intra-plate variation, inter-and intra-laboratory variation, assay drift over time, assay reliability across different manufactured lots) can be compounded as the number of samples and/or analytes increases, resulting in attenuated effect estimates and reduced statistical power [25] .
Our results suggest acceptable reliability of the MSD platform for the chemokines, as measured by high levels of detectability and low assay CVs using the external control samples. Reliability was less consistent for the proinflammatory cytokines. IL-10, IL-12p70, IL-6, and TNF-a exhibited acceptable detectability and reliability; however, IL-2, IL-1b, IFN-c, and GM-CSF demonstrated inconsistent detectability. Possible reasons for this could be low sensitivity of the assay, potential degradation of the analyte due to long-term storage, or low cytokine concentrations in these control sera. Modifying the lower cutoff did not change the agreement, arguing against this last explanation. These analytes have low endogenous concentrations in the peripheral circulation, which may result from tissue utilization of cytokines or the distribution of cytokine-expressing cells. Likewise, some analytes may be less reliable due to the antibody pairs used in the assay [26] . The occurrence of variable plate-specific CVs underscored the need to run all longitudinal samples for an individual on the same plate, as well as samples from comparative groups of interest on each plate, in order to avoid bias or the attenuation of parameter estimates [27, 28] .
The ICC provides another measure of assay reliability, particularly with longitudinal specimens collected closely in time, and individual biomarker tracking over longer time periods. With poor within-person correlation, a biomarker-disease association may be missed if based only a single measure, particularly if not captured in the most biologically relevant time period. While moderate to large associations may still be detected, effect sizes will be attenuated [18] . ICCs can be used to estimate the extent of measurement error associated with a single measurement and then employed to obtain corrected estimates of the ''true" association, under the assumption of non-differential measurement error. This is done by multiplying the natural logarithm of the hypothesized true measure of association by the ICC and then exponentiating the result (RR ob = exp[ICC x ln RR true ] where RR is the relative risk) [29, 30] . ICCs > 0.80, as we observed, would result in only a moderate downward bias of exposure-disease associations [31] . In addition, smaller sample sizes may be adequate in studies of repeated biomarker measurements of markers that have high within-person correlation [32] .
Yet, while assay reliability is important, particularly for planning studies, an assay does not need to exhibit perfect reliability in order to have epidemiologic utility. Variability in biomarker concentrations should be considered in the context of the biological question. For example, significant associations may be identified in the face of large technical variability, if the biological variability is larger than the technical variability. Biomarkers with many undetectable values may still prove informative if expressed dis- proportionately according to disease [7] . For example, prior MACS studies looking at the association between B-cell inflammatory markers and HIV-associated non-Hodgkin B-cell lymphoma identified significant biomarker-disease associations by comparing the fractions detectable versus undetectable [33, 34] . Using an ICC P 0.75 as a criterion for strong within-person correlation, 11 of the 22 biomarkers in our study exhibited strong reliability over the shortest time between measurements (0-1.9 years). The remaining 8 showed fair to good reliability. The short-term variability of IL-6, CXCL8, and TNF-a, which comprise the classic inflammatory cascade, has been the subject of several previous reliability analyses using other assay platforms. Studies of IL-6 have reported short-term ICCs comparable to [15, 35, 36] or higher [11, 16, 19 ] than what we observed. Similarly, previous studies of CXCL8 showed short-term ICCs comparable to [12, 16] , lower [36, 11] , or higher [15, 19] than in the present study. The moderate ICCs observed for TNF-a were similar to some studies [16, 17] but lower than others [11, 12, 15, 19, 36] . These differences may be due to differences in study populations or sample handling. The current study comprised exclusively male participants, mostly middle-aged, in a population at risk for HIV acquisition, unlike most previous studies. While uninfected with HIV, they were more likely to be exposed to HIV-related risk factors, such as chronic HCV infection and recreational drug use, potentially predisposing them to transient and variable inflammatory stimuli. In addition, we have previously reported that discrepancies may arise from different assay technologies or lack of a centralized laboratory [37] .
Although the ICCs were expected to diminish with increasing time between measurements, many exhibited considerable tracking over time. With few exceptions (CXCL8, IL-6, TNF-a, and CXCL13), all demonstrated good to strong within-person tracking up to 15 years apart, with some exhibiting ICCs P 0.75 even up to 8 (CCL11, CXCL10, CCL2, CCL13, CCL4, CCL17, IL-10, IL-12p70, sCD27, sIL-2Ra, sTNF-R2) and 15 years (CCL11, CCL2, CCL13, sCD27) between samples. Tracking strength may serve as an important characteristic of physiologic homeostasis and be informative for both clinical assessment and pathogenesis research. Characteristics which influence these biomarkers also may be fixed within a person but very heterogeneous in the population. The men in our study were all HIV-uninfected and therefore not subjected to the impact of HIV infection on the immune system. Nevertheless, because 25% were HCV-mono-infected, we considered the potential effect of HCV on the ICCs; however, adjustment for HCV did not alter our results (data not shown).
Our study has some limitations. First, the study population to assess the ICCs consisted of young to middle-age men who have sex with men in the United States, which may limit generalizability to other populations. Second, we were unable to evaluate the ICCs of 4 cytokines (IL-2, IL-1b, IFN-c, and GM-CSF) because >20% of samples were undetectable. Also, the lack of a gold standard precluded assessing the validity of our biomarker measurements. In addition, concentrations in serum may not fully reflect biological processes. Moreover, because the intra-assay CVs are based on a small number of measurements per plate, estimates may not be representative of the full range of variability estimates given the relatively few data points. Finally, the estimated CVs are based on measurements from external samples and therefore may not be representative of the variability in measurements for the population used to estimate the ICCs.
Several strengths of our study should be noted. For evaluating the MSD assay reliability, we utilized the same two external control samples across 146 plates, allowing us to robustly determine assay reliability. In addition, each multiplex assay was conducted in a single laboratory with standardized protocols. The MSD testing was performed by a single technician, minimizing laboratory variability, and limited to a single assay lot. The centralized Luminex/ R&D Systems assays also were done using a single assay lot. All of the samples tested underwent only one freeze-thaw cycle, limiting variation due to specimen degradation. In addition, all longitudinal specimens for an individual were run on the same plate, thus minimizing the effects of inter-assay variability. High retention from 1984 to 2009 in a well-characterized cohort with standardized data and specimen collection permitted the assessment of biomarker reliability over increasingly long periods of time, up to 15 years, which is, to our knowledge, otherwise unaccounted for in the literature and may be useful for diseases with long etiologic windows, such as cancer, or latency periods, such as HIV. Moreover, the large sample size allowed us to estimate ICCs with greater precision than many previous studies. As far as we know, only one other analysis, from the MACS, has reported on the temporal reliability of sgp130, BAFF, and CXCL13, assessed using the Luminex platform, but this was limited to a 2-year interval between sample collections [36] .
In conclusion, our data support the use of high-sensitivity multiplex assays in large-scale epidemiologic research. Despite some technical variability, most biomarkers exhibited acceptable detectability and reliability. Moreover, most yielded fair to strong within-person reliability in men over a period of up to 15 years, indicating low variability within individuals relative to between individuals and stability of these analytes over time when properly stored. Changes in these biomarkers over time may thus be efficiently studied, and evaluated for use as surrogates for endogenous and exogenous effects longitudinally. CXCL8, TNF-a, and CXCL13 may be less stable within a person over longer periods of time but were still reliable within short time periods. Our results may also be useful for statistically accounting for the attenuation of exposure-disease associations due to potential non-differential misclassification. Our findings highlight the utility of investigating inflammation and immune-related pathways through the multiplex measurement of a comprehensive panel of circulating biomarkers, which will be important for unraveling the complex profile of immune response and disease pathogenesis.
